W e describe a new technique for selection of cloned gene segments which are expressed preferentially at one developmental stage but at a relatively low level. A nitrocellulose f i l t e r replica of plaques of X phage which contain approximately 8 KB inserts of genomic D N A is prepared; i t is hybridized with a small amount of [ P] labeled m R N A prepared from one developmental stage, in the presence of a several-hundred fold excess of competitor R N A from a different stage. He show that clones of Dictyostelium nuclear D N A which form hybrids under these conditions indeed encode developmentally regulated mRNAs. Our previous analysis of Dictyostelium discoideum differentiation indicated that transcripts from about 12* of the genome appear in m R N A at one defined stage of differentiation -the formation of cell-cell aggregates. A number of our new clones are novel, in that they encode multiple d i screte mRNA species all of which accumulate only at the cell aggregate stages; others encode one or more mRNAs whicn appear at the tight aggregate stage and also one or more which are present throughout differentiation. These latter clones, in particular, would be difficult to identify using other selection techniques.
transcripts from a relatively large fraction of the Dictyostelium genome begin to accumulate at a defined developmental stage. The population of cytoplasmic polyadenylated RNA in growing and pre-aggregating cells (average size 1250 bases) represents transcripts of about 4000 to 1800 genes, equivalent to 191 of the single-copy nuclear DNA genome. After aggregation, transcripts of an additional 3000 genes (10 -12J of the genome) are accumulated. All of these cytoplasmic polyadenylated species are present on polyribosomes ( 4 , 5 ) . About one-third of the mass of mRNA in these cells represents newly-expressed genes. Most of these "late-specific" genes accumulate to 2 copies per c e l l ; transcripts from about 100 of these genes accumulate to about 100-200 copies per c e l l , or 0.1% of the mRNA population each ( 4 ) . Assuming a t o t a l l y random d i s t r ibution of gene segments along the chromosome, these results imply that a typical 3 KB DNA segment would encode 2 genes, some of which would be developmentally regulated and some expressed throughout the d i f f e r e n t i ation cycle. Indeed, our new results, detailed here, indicate that gene clusters do exist in Dictyostelium.
Published procedures for selection of regulated genomic clones involve the hybridization of f i l t e r replicas of a "clone bank" (using phage or plasmid vector) with two labeled mRNA probes, each prepared from a different developmental or physiological state (6, 7) . Because of differences in the amount of DNA transferred to or retained on the f i l t e r s , we have found this technique quite irreproducible for selection of regulated Dictyostelium segments. In any case, such techniques might not select a DNA clone which encodes both a common and a regulated mRNA, nor a regulated mRNA which is expressed at a very low level. We have found the procedure described here to be free of most of these d i f f i c u l t i e s .
MATERIALS AND METHODS

Growth and d i f f e r e n t i a t i o n of D i c t y o s t e l i u m discoideum
Cells o f Dictyostelium discoideum s t r a i n AX 3 (3) were grown a x e n i c a l l y as described by Alton and Lodish ( 9 ) .
and development was i n i t i a t e d as d e t a i l e d by Bluaiberg and Lodish (4) .
Construction o f genomic DNA l i b r a r y .
Our cloning vector xgt W£_3 \B has been described by Leder, e_t a l .
(10) and x DNA "arms" were prepared by the procedure of Maniatis, et a l . , ( 1 1 ) . Dictyostelium DNA fragments were generated by complete and p a r t i a l Eco RI digestion: DNA that had been digested to completion, 1/2 completion, 1/1 completion, and 1/10 completion were mixed in equal amounts and electrophoresed in a 0.8J agarose g e l . DNA fragments from 5 to 15 Kb in size were eluted from the gel and ligated to x DNA arms (11) . The recombinant DNA molecules were packaged into x p a r t i c l e s as described in reference 12 except that we used derivatives of the two lysogens, N5128 and NSU3, which were r e s i s t a n t to \ adsorption. Isolation and labeling of cytoplasmic polyadenylated RNA.
Cytoplasmic RNA was extracted from vegetative growing c e l l s and from developing c e l l s and chromatographed on columns of oligo (dT), as described by Blumberg and Lodish (5) except for the following modificat i o n . After the f i r s t phenol-chloroform extraction the aqueous phase was extracted once with an equal volume of chloroform. Poly (A ) selected RNA were labeled using y [ P] ATP and polynucleotide kinase as described in reference 13.
Replica of a random set of clones
The wells of a microtiter tray (0.6 cm diameter) were washed in 30% ethanol and then s t e r i l i z e d under a hood by u l t r a v i o l e t l i g h t . To each well 50 yl of LB medium (10 gm tryptone, 5 gm yeast e x t r a c t , 5 gm NaCl and 1 ml 1 N NaOH per l i t e r ) containing M agarose was added. After the agar had s o l i d i f i e d , 50 # l of \ broth (12 gm tryptone, 5 gm NaCl per l i t e r ) containing 0.7% agarose and 2 yl of a growing Escherichia coli culture (in x broth containing 0.2% maltose and 0.01% yeast extract) at an A_y. of 1.0, were added. Single plaques from the x-Dictyostelium l i b r a r y were picked into wells with a toothpick. Following an overnight incubation at 37°C, each set of plaques could be replicated into T a seri e s of new microtiter trays prepared in the same way by using a met^al r e p l i c a t o r , constructed in such a way that each tooth corresponds to one well. Each tray could be conserved in a sealed p l a s t i c bag at 4°C for at least three months before being replicated. With t h i s procedure, a given set of clones, ordered in a defined way, and therefore i d e n t i f iable by the two coordinates (see Fig. 1 ), could be replicated whenever and as many times as needed.
From the tray, the sat of plaques could be replicated onto 15 cm diameter petri dishes, each containing W ml of LB-agar medium and a layar of 0.7% agarose with E^ c o l i . The replication was usually done d i r e c t l y with the metal replicator. However, occasionally in touching the soft agar layer with the teeth of the r e p l i c a t o r , the soft agar layer was broken. This led to the transfer of snail discs of soft agar onto the nlcrocellulose paper when the plaques were subsequently b l o tted.
The agarose appeared to trap some labeled RNA probe, non-specifio a l l y generating false positive signals when the nitrooellulse paper was autoradiographed following hybridization (see below). To avoid t h i s problem, the transfer of phage from the tray to the replica plate was Each f i l t e r was than washed separately in 100 .nl of 50£ fornamiJe containing 4 X SSC, twice for 30 min at 37°C; then with 100 ml of 2 X SSC, twice for 30 min at 50°C; and f i n a l l y with 200 ml 0.1 X 3SC containing 0.1J SDS, twice for 30 min at 50°C. Sometimes, an RNAse step was then added: The washed f i l t e r s were rewashed thoroughly with 2 X 5SC, and they were then incubated in a solution of 2 X SSC, containing 10 yg pancreatic RNase/ml, at room temperature (22 -21°C) for 10 minutes, and then rewashed in 2 X SSC. The RNAse treatment was found to lower the background, but with some of the clones i t also lowered s i g n i f i c a n t l y the i n t e n s i t y of the hybrid s i g n a l . Gel analysis and transfer of RNA to nitrocellulose paper.
This procedure was introduced to us by Tom Maniatis (personal communication) . I t i s nearly a hundred times more sensitive for detection of RNA sequences than the method of Alwine, et a l . (15), and i t i s also more reproducible than a similar method described by Patricia Thomas (16) .
RNA species were separated by electrophoresis in a formaldehyde gel as described by Rave, et a l . (17). W e used 1.54 agarose and e l e c t r o -phoresis at 100 V for 6 hrs in a horizontal gel box with circulating buffer. After electrophoresis, the gel was soaked in 10 X SSC for 20 min. It was then blotted onto a nitrocellulose f i l t e r which had been soaked in d i s t i l l e d water and equilibrated in 10 X SSC. The mechanism of blotting was the same as described by Southern (13) except that the transfer buffer was 10 X SSC. After blotting the f i l t e r was throughly dried under a lamp and baked in vacuo at 30°C for 2 h r s . Presoaking, hybridization and washing were the same as described by Alwine, e t a l . (15) except that no glycine was used in the presoaking buffer.
RESULTS
Selection of developmentally-regulated Dictyosteliuin clones by hybridization competition.
Our studies utilized a library of Dictyostelium nuclear DNA, part i a l l y digested with EcoRI, and cloned in a xgt wes vector. The average DNA i n s e r t was 3 KS. Our strategy for selection of clones which encode developmentally regulated mRNAs i s to hybridize a f i l t e r replica of a set of plaques with [^2p] cytoplasmic polyadenylated RNA, isolated from aggregated c e l l s and labeled in vitro with polynucleotide kinase, in the presence of a large (several hundred-fold) excess of RNA prepared from growing or pre-aggregating c e l l s . The competitor RNA generally was not preselected for polyadenylated species. Tne desired clones should genop erate a [ J p] hybrid, detected by radioautography, even in the presence of unlabeled competitor R N A from growing cells. Figure 1 illustrates an example of this selection procedure, together with a nunber of essential controls. A random set of Dictyosteliun clones, each derived from a single recombinant phage, were placed in wells of a microtiter tray and replicated onto four plates, generating a set of replica plaques (see Methods). From each plate DNA was blotted onto a nitrocellulose filter. Panel A shows that about three-fourths of 32 these clones formed a hybrid with [ P] cytoplasmic polyadenylated RNA isolated from growing cells. With other sets of clones the fraction which formed a hybrid with the sane probe was lower, around 50%. However, since no unlabeled R N A was present in these hybridization reactions, we do not know whether all of the positive signals represent true RNA-DNA hybrids. In any case, this result is not surprising wnen i t is recalled that 18* of the single-copy genome is represented as cytoplasmic polyadenylated mRNA transcripts in these cells, and that all of . Screening a random sample of x-Dictyostelium clones by hybridization competition. A random sample of plaques, each derived from a single recombinant pahge, were picked into wells of a microtiter tray and replicated d i r e c t l y onto four agar plates as described in Methods. DNA from the plaques was blotted onto a nitrocellulose f i l t e r and hybridized as described in Methods. In panel a) 0.2 ug (1,000,000 cpm) Jji v i t r o labeled cytoplasmic poly (A ) RNA extracted from vegetative c e l l s was added to the hybridization mixture; b) as in a, except 1.0 mg t o t a l cytoplasmic RNA extracted from vegetative c e l l s was added; c) tha same amount of poly (A + ) RNA from 13 hr c e l l s , with comparable specific r ad i o a c t i v i t y , was added; d) as in c except 1.0 mg RNA from vegetative c e l l s was added.
Some of the clones shown in t h i s figure are also shown in the f o llowing figures. Among these are GM6 (a1), GM10(b2), GM15(c2), GM19(e2), GH21(e9), GM22(f1), GM23(f5), GM2t(f6), GM15(a5) and GM55(fO. these sequences are found on polysoraes (5). As expected (panel B) , a l l hybridization was abolished by the addition of a several hundred-fold excess of unlabeled RNA isolated from the same c e l l s . (Note that the competitor i s total cytoplasmic RNA, of which only about 2% is polyaden- Fig. 1D . Though the intensity of the spot corresponding to a given plaque sometimes varied from t r i a l to t r i a l the degree of concordance among the different t r i a l s was greater than 90%. As an example (Fig.  2 ) , some of the plaques have been repicked from the original wells and ordered in a new t r a y . The analysis described in Fig. 1 , was repeated using the indirect plaque transfer technique (sea Methods); t h i s generated large plaques and thus a more intense hybridization signal.
The results obtained were consistent with those obtained in the f i r s t screening (see legend).
W e have, however, encountered two a r t i f a c t s . Occasionally a plaque was .Hissing in a replicate plate (see, for exanple, the legend to Fig.   2 ). This can be controlled by inspecting each plate before b l o t t i n g .
Sometimes a false positive signal was observed, clearly due not to hybridization to DMA, but to non-spacific sticking of the labeled probe to material other than DNA which was transferred from the plate to the nitrocellulose f i l t e r . Though this background problem can be greatly reduced by replicating the plaques f i r s t into a small amount of buffer, and then to the agar plate (discussed in Methods) i t may be advisable to Some of the clones selected from the study i n Fig. 1d and from similar experiments were repicked into a new m i c r o t i t r a t i o n tray and replicated (using the " l i q u i d transfer procedure" described in Methods) onto four plates. From each plate DNA was blotted and hybridized with the sane RNA probes and competitor as described for each corresonding panel of Fig. 1. Sane of the clones indicated in Fig. 1 are also present here. These are GM6(a1), GM10(a2), Grt19(a4), GM21(a6), GM22(a7), GM23(a3), GM45(c2) and GM55(c3). The plaque corresonding to G M 6 was missing from the plate used for panel A. Also included in Fig. 2 are an additional clone, GM27(b1), and SC253(b3), which was isolated by a different procedure and which has been shown to encode a single mRNA species present in 13 and 22 hr c e l l s , and absent in vegetative or 5 hr c e l l s (Stephen Chung, Charles ZuKar , and Harvey F. Lodish, manuscript in preparation).
run the competition test in parallel on a set of two duplicate f i l t e r s , in order to avoid any cnance of error.
Many clones encode multiple species of mRrtA.
Two types of studies showed that many of our selected clones indeed encode multiple species of mRNA, so.ne (or a l l ) of rfnich are development a l l y regulated.
In the f i r s t , constant amounts (0.1 to 0.2 ug) of pur- 
3.
Here two DNA clones are used, one (GM5) hybridizes to an equal ex- Figure 3 -Resolution by hybridization-competition of the mRNA sequenced encoded by two d i f f e r e n t cloned DNAs. DNA was extracted (see Methods) from clone GM5 (chosen from a series of clones which hybridized with comparable i n t e n s i t y to RNA proOes extracted from a l l developmental stages; G.M. unpublished data) and from clone GM27 (see Fig. 2 ) . A s o lution containing 0.2 ug of GM5 DNA was spotted by i t s e l f on a n i t r o c e llulose f i l t e r (spots a1 and bD or mixed witn 0.1 ug of GM27 DNA (spots a2, D2, a3, b_j).
Spots a4 and b4 contained 0.2 yg GM27 DNA. Following f i x a t i o n of DNA, as described in Methods, the sheet of paper was cut i nto two s t r i p s (a and t>) . Strip a was hybridized with 0.1 yg poly (A + ) 22 hr RNA (.in v i t r o labeled to a specific a c t i v i t y of 1.2 X 10' cpm/yg); s t r i p D was hybridized with the same RNA probe, in the presence of 0.6 mg unfractionated cytoplas-nic RNA extracted from vegetative a e l l s . To s t r i p 6, 7 , and 8, was added 0.5 mg t o t a l oytoplasmic RNA from growing c e l l s plus 0 . 6 , 1.2 and 2.4 mg o f t o t a l cytoplasmic RNA extracted from 13 hr c e l l s , r e s p e c t i v e l y .
To s t r i p s 9, 10, and 1 1 , 0.6 mg t o t a l cytoplasmio RNA from growing c e l l s were added plus 0 . 6 , 1.2 and 2.4 mg o f t o t a l cytoplasnic RNA extracted from 22 hr c e l l s . labeled vegetative RNA were added. In lines 6 to 3, and in lines 9 to 11, the same amount of unlabeled vegetative RNA was added as in line 2, plus amounts of unlabeled RNA deri/ed from cells at 13 rir of development (lines 5 to 3) or at 22 hr (lines 9 to 11) sufficient to bring the amount of t o t a l unlabeled RNA to the same levels as in lines 3 to 5, respectively.
Trie anount of label found in the hybrid formed in each set of conditions was determined both by scanning the film ( mg unlabeled RNA Figure 5 . Quanitation of the autoradiograph shown in Fig. '4 . Tne optical denisty of each spot is expressed as a percent of the intensity of tha spot generated in the absence of competitor RNA. Different exposures of tne radioautogran were scanned in a Joyce-Lobel .nicrodensitomefcar usin<$ a fuii-scale pan diflection of 1.16 optical density units, a value witnin the linear range of the film. Each s t r i p was scanned twice. Two peaks ware thus obtained for eaoh spot, and four peaks for each doublet of spots (sea Fig. 4) . The neight of the four peaks for each douolet was averaged. Normally tha difference between the two valuas obtained for a given spot in the two scanning t r i a l s or between the two spots of a given doublet was less than Mi.
Clone GM19 shows, in the absence of competitor RNA (lane 1) cwo spots wnich clearly differ in intensity. In previous t r i a l s nybridization to GM19 D N A showed l i t t l e or no competition by unlabeled total vegetative inRNA, thus we have scanned only the least intense spot on the left side. The intensity of the background (poorly recognizable in the photographic reproduction in Fig. 4 ) surrounding tnis spot .Tiade the quantitation of i t s intensity difficult.
Thus the 103i value for clone SA19 in this particular t r i a l may be in error.
# plus various anounts of total cytoplasraic R N A from vegetative cells o plus 0.6 mg of R N A from vegetative c e l l s and various amounts of R N A from 13 hr c e l l s (see legend to Fig. 1) .
A plus 0.6 mg of R N A from vegetative c e l l s and various anounts of R N A from 22 hr c e l l s (see legend to Accumulation during development of mRNAs complementary to some of the selected clones. Poly (A ) RNA species extracted from growing c e l l s (4 ^g) and from c e l l s at the indicated stages of development (2 ug) were separated by electrophoresis and blotted onto n i t r o c e llulose paper as described in Methods. DNA was extracted from the i n d icated clones was labeled by nick-translation and hybridized to the n itrocellulose f i l t e r as described in Methods. Tne arrows correspondes to raarKer DNA (from top to bottom) of 9500, 4300, 2100 and 130J bases. "0" indicates the o r i g i n . Clone G.155. by contrast, encodes two discrete mRNA species. One (1300 bases) is present in more-or-less equal amounts throughout d i f f e re n t i a t i o n . Tne other (1200 bases) appears only after aggregation, and accumulates to a level about 10-fold that of the c o n s t i t u t i v e species.
Clearly, these two .nRNAs correspond to the two discrete components ob-servered in the hybridization-competition study ( F i g . 5 ) . An analysis of clones CZ63 and GM15 yielded similar results (data not shown) .
Clone GM45, a representative of the t h i r d class, encodes at least 4 discrete mRNA species. One of these (1800 bases) appears to be present throughout growth and d i f f e r e n t i a t i o n , although i t s amount increases markedly between 9 and 13 hours. Three other, (2400, 3000 and 4200 bases) appear absent in growing c e l l s , present at a low level in 6 and 9
hour c e l l s , and at a higher level in post-aggregation c e l l s . These results apppear consistent with the hybridization-competition curves i n Blumberg and Lodish (4) . W e shall extend this analysis to a larger sample of clones to obtain a s t a t i s t i c a l l y reliabla estimate of the number of genes expressed specifically during development.
Second, a significant fraction of cloned D N A fragments contain both "constitutive" genes and genes specific for development. This may suggest that the two kinds of genes are interspersed in Dictyostelium genome, rather than being grouped according to their specificity of expression. <te are currently analysing additional clones to clarify t h i s point.
